Abstract -A maternal Toxoplasma gondii infection during pregnancy is a risk for congenital infection through maternal-fetal transplacental transmission. Estimation of the date of infection is of the utmost importance for management and treatment recommendations. In this setting, IgG avidity has been shown to be useful as high avidity rules out an infection dating less than 4 months. The estimated date of infection can also be obtained by the ratio of T. gondii IgG titers measured by the Vidas (bioMérieux) assay versus T. gondii IgG titers measured by the Architect (Abbott Laboratories) test, together with T. gondii IgM and IgA antibody responses. In this study, using 117 serum samples from pregnant women, we compared the IgG avidity values obtained by Architect and Vidas with the presumed date of T. gondii infection established by the T. gondii IgG ratio of IgG Vidas and IgG Architect plus the IgM and IgA results. To date, IgG avidity Vidas seems to exhibit better performance than Architect. For both assays, gray zone results were most likely obtained from patients infected more than 4 months before sampling. These data should be taken into account for a possible reconsideration of the interpretation of avidity results in the gray zone.
Introduction
Toxoplasma gondii is an obligate intracellular protozoan parasite that infects most species of warm-blooded animals, including humans. Infection by T. gondii is mainly acquired by ingestion of undercooked infected meat and through food or water that have been in contact with oocysts present in felines feces. A primary maternal infection acquired during pregnancy can lead to a risk of congenital infection. This risk is moderate (4-14%) if maternal infection occurs in the first trimester of pregnancy and higher (70-80%) if it occurs in the third trimester [14] . The severity of congenital infection is higher if fetal infection occurs earlier in pregnancy (intrauterine fetal death, intracranial calcifications, and hydrocephalus) [5] . Infections around birth are frequently asymptomatic [5] .
Since 1978 in France, prevention of congenital infection by T. gondii has been based on serological identification and follow-up of pregnant women (décret République Française n°78-396 17 March 1978) [20] . Following the diagnosis of pregnancy, T. gondii serologies are performed monthly until delivery in seronegative women. Ideally, the T. gondii immune status of pregnant women should be established before pregnancy. However, in most of cases, the first serological screening is performed during the first trimester. Presence of specific T. gondii IgG without T. gondii IgM is consistent with chronic infection. Absence of IgG and IgM-specific antibodies leads to monthly follow-up until delivery. The simultaneous detection of IgG and IgM in the first serum sample requires additional testing to estimate the date of infection since IgM antibodies may also persist for up to 18 months or longer post infection [2, 6, 10, 18, 19] . In this setting, to rule out recent infection, a T. gondii avidity assay has been proven to be useful as high avidity rules out primary infection occurring in at least the preceding 4 months [1, 3, 8, 13, 19, 23] . In addition, comparison of T. gondii IgG results obtained from two serological methods using different antigen targets (predominantly T. gondii membrane antigens or predominantly cytoplasmic antigens) has also been proven to be a reliable method to estimate the date of infection [6, 12] . Lower T. gondii IgG titers against cytoplasmic antigens as compared to those observed against membrane antigens are in favor of a recently acquired infection [12] . The ratio of two IgG assays using different antigen targets has been validated and used routinely in our Laboratory since the first publication by Marty and Le Fichoux [12] . The IgG Architect (Abbott Laboratories) assay is positive earlier than the IgG Vidas (bioMérieux) assay during acute infection [6, 15] . In addition, the ratio T. gondii IgG Vidas divided by IgG Architect (IgG Vidas/IgG Architect) allows estimation of the date of infection [6, 12] . A ratio above one is in favor of an infection older than 4 months, whereas a ratio below one is most likely related to acute infection [12] . The aim of this study was to compare the estimated date of infection obtained by the IgG ratio described above with the estimated date of infection obtained by the T. gondii avidity assays Architect and Vidas.
Materials and methods

Serum specimens
Routine screening of T. gondii IgG and IgM in the Laboratory of Parasitology-Mycology of University Hospital of Nice (France) is performed on the Architect platform (Abbott Laboratories, Wiesbaden, Germany). In case of positive IgM, serum was prospectively selected for the study and the following tests were performed: IgG Vidas (bioMérieux, Marcy l'Etoile, France), T. gondii IgA (Platelia BioRad), avidity Architect and Vidas. A total of 117 consecutive sera from 117 healthy pregnant women were tested.
Ethical aspects
The study was approved by the local Ethics Committee (Comité de protection des personnes CHU Nice, France).
Interpretation of results
Positive cut-off values used to interpret the results of serological assays were those recommended by the manufacturers: IgG Architect ! 3 IU/mL; IgG Vidas ! 8 IU/mL; IgM Architect index ! 0.6, and IgA Platelia BioRad index ! 1. According to the manufacturer's instructions, results of avidity assays were interpreted as high, gray zone and low, respectively: Architect avidity ! 60%, 50-59.9%, < 50%; Vidas avidity ! 30%, 20%-30%, < 20% [22] .
Sera were classified in three groups according to the estimated date of maternal infection obtained by the ratio IgG Vidas/IgG Architect in addition to the IgM and IgA serological tests results [6, 12] . Estimation of the date of infection was performed as followed: The two avidity Architect and Vidas assays were compared for their correlation with the estimated date of infection defined by the above criteria.
Data analysis
The VassarStats website for Statistical Computation was used for the statistical analyses. Cohen's kappa coefficient (CKC) was used to compare the results given by each T. gondii avidity assay (Architect and Vidas) to the estimated date of infection as described above. The more the agreement between the two avidity assays results and estimated date of infection increases, the more the kappa coefficient increases. A kappa of 1 corresponds to perfect agreement, whereas kappa of 0 is an agreement by chance. Kappa coefficients between 0.81 and 0.99 is almost perfect, between 0.61 and 0.80 is substantial agreement, and between 0.41 and 0.60 is moderate agreement [4, 23] .
Results
The avidity Architect and Vidas assays were compared to the estimated date of infection (Table 1) . For the 17 sera classified in group AI < 4, the low avidity values were in agreement with the estimated date of infection expect for one Vidas avidity classified in the gray zone. For the sera classified in group CI > 4 TBC, a low avidity was found with Architect and Vidas in 8 and 5 out of 9 sera, respectively. Among the CI > 4 patient group (n = 91), high IgG avidity was found in 69.2% (n = 63) and 83.5% (n = 76) of Architect and Vidas avidity assays, respectively (Table 1) . Among the patients in groups AI < 4 and CI > 4 TBC (n = 26), a low avidity test result was found in 96.2% (n = 25) and 80.8% (n = 21) of Architect and Vidas assays, respectively (Table 1) . However, it must be remembered that neither Architect nor Vidas avidities are recommended for the diagnosis of acute toxoplasmosis. If we consider for both tests that avidity values in the gray zone rule out recently acquired infection, the percentages of accurate conclusions (CI > 4, n = 91) would have been 86.8% (n = 79) and 93.4% (n = 85) for Architect and Vidas avidity assays, respectively.
In order to evaluate the conditions for a better agreement between avidities (Architect and Vidas) and estimated date of infection (obtained from the IgG Vidas/IgG Architect ratio), sera with values in the gray zone and those in group CI > 4 TBC were redistributed as detailed in Table 2 . For each of the redistributions of sera, CKC and the number of discrepant results with the estimated date of infection were calculated ( Table 2 ). The best correlation with the estimated date of infection was obtained with the Vidas avidity assay when sera in the gray zone and sera in group CI > 4 TBC were excluded (Table 2 ). However, this result is biased due to exclusion of sera that were difficult to interpret. Taking into account all samples, Architect and Vidas avidities have the best correlation with the estimated date of infection when sera in the gray zone are considered as if they were in the high avidity group and sera in group CI > 4 TBC are considered as belonging to group AI < 4 ( Table 2 ). This observation means that a gray zone avidity could be used to rule out an infection dating less than 4 months.
Discussion
This study compared two avidity assays with the estimated date of infection obtained by the IgG Vidas/IgG Architect ratio, associated with the results of IgM and IgA. The estimated date of infection is particularly important when serum samples are positive for IgG and IgM during the first trimester of pregnancy. This is because the presence of IgM does not always reflect acute infection. Some IgM results could be false positives as serological testing for T. gondii infection is not uniformly consistent in commercial kits [9] . Moreover, significant titers of IgM could persist for a long period of time after acute infection, leading to interpretation difficulties [2, 7, 10, 18, 19] . During pregnancy, avidity assays can be performed to differentiate an infection dating more than 4 months from a recent one. As specified in the manufacturer's instructions, avidity is an exclusion assay: a high avidity index is a strong indication of primary infection dating more than 4 months [1, 3, 8, 13, 19, 23] . Consensus exists that a high avidity result obtained in the first trimester of pregnancy rules out acquired infection during gestation [22] . This information is of the utmost importance since unnecessary treatment and followup can be avoided.
In this study, two commercially available automated avidity immunoassays were evaluated using sera from pregnant women from Nice, France. For both assays, a high avidity index always correlated with primary infection dating back more than 4 months, as established by the IgG Vidas/IgG Architect ratio. In our cohort, there were no unexpected results as in the group of T. gondii recent infection, no high avidity was found. However, among the 91 sera from patients with infection dating more than 4 months, Architect and Vidas avidities were high in 69.2% and 83.5%, respectively. This study confirms that IgG avidity Vidas had the best performance for the diagnosis of an infection dating more than 4 months [22] . This discrepancy between both avidity assays could be explained by differences in avidity maturation and/or by the use of recombinant antigens for Architect avidity [11, 22] . In addition, it has already been demonstrated for Vidas avidity, that an avidity higher than the gray zone threshold (20%) could safely be used to rule out a recently acquired infection of less than 4 months [7] . In this setting, efficacy of Vidas avidity (93.4% of accuracy) was better than Architect avidity (86.8%) when compared to our estimated date of infection.
The presumed date of infection was estimated by comparison of two serological techniques using different 
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High n = 63 Gray zone n = 17 Low n = 37 High n = 76 Gray zone n = 14 Low n = 27 Group AI < 4, n =
Group AI < 4: maternal infection acquired within 4 months before date of sampling; Group CI > 4 TBC: chronic maternal infection older than 4 months to be confirmed (TBC); Group CI > 4: chronic maternal infection older than 4 months.
antigenic targets. As already reported, the kinetics of the two assays are different: IgG Architect become positive earlier than IgG Vidas [6, 15] . Therefore, the IgG Vidas/IgG Architect ratio allowed us to reliably estimate the date of infection [6, 12] . Excluding for both assays gray zone avidity and group CI > 4 TBC sera, an almost perfect agreement for Vidas avidity (CKC = 0.805) was found, whereas the agreement between Architect avidity and estimated date of infection was substantial (CKC = 0.660) ( Table 2) . For both tests, agreement fails if sera in the gray zone are included in high avidity sera and group CI > 4 TBC is included in group CI > 4 (Group CI > 4 bis: CI > 4 TBC + CI > 4). However, close agreement was restored when group CI > 4 TBC was included in group AI < 4 (Group AI < 4 bis: CI > 4 TBC + AI < 4) and sera in the gray zone were included in the high avidity sera. These results suggested that in group CI > 4 TBC, samples were predominantly from patients with acute infection. Conversely, when gray zone avidity sera were included in the low avidity sera and group CI > 4 TBC in group AI < 4 (Group AI < 4 bis: CI > 4 TBC + AI < 4), kappa coefficients for both tests decreased (CKC Vidas = 0.693 and Architect = 0.500) ( Table 2) . These results highlighted the fact that for both tests, the classification in gray zone avidity strongly suggested an infection older than 4 months. When the conclusion was ''chronic maternal infection older than 4 months to be confirmed'' (CI > 4 TBC), a further serological control has to be done, as on the first serum, results of avidity would have been in favor of acute infection [7] . In this case, the kinetics of the IgG titers on the previous and follow-up serum samples, run at the time, often allowed us to estimate the date of infection. This occurrence is rare and most often, the date of infection can be obtained on the first serum sample [17] .
In our study, we found that Vidas avidity exhibited better performance than Architect avidity to rule out infection that occurred less than 4 months before. For both avidity assays, when comparing with our estimated date of infection, a better agreement was observed when gray zone avidity results were redistributed in high avidity, leading to the conclusion that gray zone results were most likely obtained from patients infected more than 4 months before sampling. These data could be taken into account for a possible reconsideration of the interpretation of avidity results in the gray zone. Notes. In the first redistribution (exclusion of samples in gray zone avidity and samples belonging to group CI > 4 TBC), 25 and 19 sera for Architect and Vidas avidity assays were excluded, respectively. In bold, the three best CKC obtained depending the exclusion/redistribution of sera.
